ABSTRACT The objective of the present experiment was to study the effects of parental age and heat acclimation of embryos on blood metabolites and hormones of broilers exposed to daily cyclic ambient temperatures from d 21 to 42. Eggs obtained from 32 (younger), 42 (middle-aged), and 65 wk (older) breeders were divided into 2 groups. One group of eggs was incubated at control incubation temperature (IT CONT ), whereas the second group was heat-acclimated at 38.5°C for 6 h/d from d 10 to 18 of incubation (IT HA ). Chicks were reared at standard brooding temperatures from 1 to 21 d. From d 21 to 42, half of broilers/incubation temperature/parental age was kept as the control (AT CONT ), whereas the other half was exposed to daily cyclic heat treatment (AT HIGH ) to impose a stress response. There was a reduction in plasma triiodothyronine (T 3 ) levels in IT HA broilers. On d 28, plasma T 3 levels were similar regardless of parental age of eggs incubated at IT CONT , whereas IT HA resulted in lower levels of T 3 in broilers from 65 wk parents. At the same age, AT HIGH reduced plasma triglycerides with the effect greater for IT HA than IT CONT broilers. Plasma uric acid was also lower for IT HA than IT CONT broilers for the offspring of 65 wk parents on d 28. There was an increase in plasma creatine kinase activity on d 42 in AT HIGH broilers regardless of parental age and incubation temperature. Plasma corticosterone was consistently lower for the IT HA than IT CONT treatment, being significant on d 21 and 42. It was concluded that these changes in blood metabolites and hormones may enhance the thermoregulatory ability of IT HA broilers when exposed posthatch to daily high temperatures.
INTRODUCTION
Blood metabolic and hormonal changes occur in broilers exposed to heat stress. Plasma triiodothyronine (T 3 ) concentration may decrease (Sinurat et al., 1987; Yahav and McMurtry, 2001) or remain unchanged (May et al., 1986) , whereas thyroxine (T 4 ) concentration is not altered (Geraert et al., 1996) , decreases (Tao et al., 2006) , or increases (Sinurat et al., 1987) . These inconsistencies may depend on duration and severity of the stressor. Increases in plasma creatine kinase activity (Sandercock et al., 2001; Yalçın et al., 2005) and concentrations of plasma corticosterone (Iqbal et al., 1990) and glucose (Donkoh, 1989 ) from heat stress also occur. Although there were no changes in plasma uric acid concentration in broilers exposed to long-term high temperatures (Yalçın et al., 2005) , levels were increased by short-term heat stress (Lin et al., 2004) . Shim et al. (2006) reported a reduction in plasma triglyceride levels by heat stress. Lipid peroxidation level is a direct indication of oxidative damage of cells. Higher ambient temperatures diminish antioxidant status and result in cell damage (Whitehead and Keller, 2003) by inducing an increase in lipid peroxidation (Shim et al., 2006) .
Considerable research has recently focused on management strategies to alleviate detrimental effects of heat stress (Zulkifli et al., 2000; Yalçın et al., 2003; Yahav et al., 2004a,b; Lin et al., 2006) . Heat acclimation of embryos may be employed to adapt organisms to higher postnatal environmental temperatures (Tzschentke and Nichelmann, 1997) , and acclimation of embryos to temperatures from 38.5 to 39.6°C for 3 to 8 d during 3 to 6 h/d between 10 and 18 d of incubation improved thermotolerance of broilers to high ambient temperatures (Yahav et al., 2004a,b; Yalçın et al., 2005 Yalçın et al., , 2008b Collin et al., 2007) . To confirm, as well as to understand, long-term effects of exposure to high and fluctuating incubation temperatures on broiler performance and heat acclimation when exposed to post hatch higher temperatures requires further studies. Although information exists that associates heat stress with metabolite concentration and hormones, the changes in blood metabolites and hormones have to be elucidated in detail to understand factors underlying the acclimation to higher ambient temperatures in broilers. The experiment reported here was conducted to investigate the effects of parental age and heat acclimation at 38.5°C during 6 h/d from d 10 to 18 of incubation on blood metabolites and hormones of broilers under daily cyclic ambient temperatures from d 21 to 42. Because parental age influences thermotolerance of broilers (Weytjens et al., 1999; Yalçın et al., 2005) , eggs were obtained from breeders at 3 different ages to evaluate the effects of parental age on heat sensitivity in broilers.
MATERIALS AND METHODS
A detailed description of the incubation procedures used in the experiment was previously reported (Yalçın et al., 2008a) . Briefly, a total of 1,656 eggs were obtained from broiler breeders (Ross 308) at 3 ages: 32 (younger), 42 (middle-aged), and 65 wk (older). There were 2 flocks for each breeder age. Eggs were divided into 2 groups (276 eggs/breeder age per group) and the first group of eggs was incubated at 37.8°C control incubation temperature (IT CONT ), whereas the second group of eggs was heat-acclimated at 38.5°C for 6 h daily from d 10 to 18 of incubation (IT HA ).
On the day of hatch, a total of 900 chicks were individually wing-banded, weighed, and assigned to 2 temperature-controlled rooms with 18 pens/room and 25 chicks/pen (16 chicks/m 2 ). Chicks from each parental age-flock and incubation temperature were represented in each room, so that there were 3 replications for each treatment-room. From d 21 to 42 of age, 1 room was kept as the control (AT CONT ) with an ambient temperature of 22 ± 1°C and a RH of 50%. Chickens in the second room were exposed to daily cyclic heat treatment to impose a stress response (AT HIGH ). The ambient temperatures in the second room were 32 ± 1°C from 1000 to 1700 h and 22 ± 1°C from 1700 to 1000 h. Relative humidity was 70%. Lighting regimen was 23L:1D. Water and feed were available ad libitum. Broilers were fed a starter diet in mash form with 23.8% CP and 3,025 kcal of ME/kg from d 0 to 10, a grower diet in pellet form with 22.1% CP and 3,170 kcal of ME/kg from d 11 to 21, and a finisher diet in pellet form with 20.5% CP and 3,250 kcal of ME/kg from d 22 to 42.
Blood samples obtained on 12 randomly selected males from each treatment (4 males/replication) between 1400 and 1700 h on d 21 (after 4 h of exposure to high temperature), 28, and 49 were subsequently used to measure triglycerides, glucose, uric acid, lipid peroxidation, T 3 , T 4 , and corticosterone levels and creatine kinase activity. The blood for these analyses was obtained from the jugular vein, put into EDTA syringes, centrifuged, and plasma samples were frozen and stored at −20°C pending analysis.
Plasma T 3 and T 4 concentrations were measured by RIA as described by Darras et al. (1992) . Intraassay CV were 4.5 and 5.4% for T 3 and T 4 , respectively. Antisera and T 3 and T 4 standards were purchased from Byk-Belga (Brussels, Belgium). To avoid interassay variability, all samples were run in the same assay.
Commercial colorimetric diagnostic kits were used to measure glucose (IL Test kit, no. 182508-00), uric acid (IL Test kit, no. 181685-00), and creatine kinase (IL Test kit, no. 181605-90) , using the Monarch 2000 Chemistry system model 760 (Instrumentation Laboratories, Zaventem, Belgium). Lipid peroxidation was estimated by spectrophotometric determination of TBA reacting substances as described by Lin et al. (2004) .
Data from the 2 flocks/breeder age were pooled because differences between flocks-breeder age were not significant. Accordingly, data were subjected to ANO-VA with 3 breeder ages, 2 incubation temperatures, 2 rearing temperatures, and the interactions among them as main effects using the GLM procedure (SAS, 1999) . When more than 2 means were involved, comparisons were performed by Tukey. Significance was based on P < 0.05.
RESULTS

Blood Hormones
Means for plasma T 3 , T 4 , and corticosterone levels are presented in Table 1 .
T 3 and T 4 . Parental age had no effect on T 3 levels of broilers at any of the ages measured (Table 1) . For T 4 , there was no effect of parental age on d 21 and 42. On d 28, levels were higher for broilers from 32 than 65 wk breeders with those of 42 wk being intermediate.
There was a significant IT × AT interaction on d 21 for T 3 (Figure 1 , top panel) due to no difference between AT groups from IT HA , whereas for IT CONT broilers, AT HIGH was greater than AT CONT . Also, for T 3 there was a parental age × IT interaction on d 21. The interaction ( Figure 1 , middle panel) resulted from broilers from 65 wk breeders having higher values for IT CONT than IT HA . On d 42, although IT HA reduced plasma T 3 levels, a significant 3-way interaction showed that T 3 levels of IT CONT broilers from 65 wk parents and reared at AT HIGH were higher than for AT CONT (Figure 1 , bottom panel).
It was found that IT HA had lower T 4 than IT CONT on d 28, whereas on d 42, the highest levels of T 4 were for AT HIGH broilers.
Corticosterone. There were no interactions among main variables for plasma corticosterone concentration. Parental ages were generally not important (Table 1) ; however, levels were consistently lower for IT HA than IT CONT broilers, being significant on d 21 and 42. Plasma corticosterone levels were similar for AT groups on d 21, higher for AT HIGH than AT CONT on d 28, and lower on d 42 for AT HIGH than AT CONT .
Blood Metabolites
Mean plasma lipid peroxidation, creatine kinase activity, glucose, triglycerides, and uric acid levels are presented in Table 2 .
Lipid Peroxidation. On d 21, plasma lipid peroxidation levels were not influenced by parental ages or incubation temperature (Table 3) . There was a significant interaction of incubation temperature with parental ages and rearing temperatures on d 28 and 42 (Table  3) . Although parental age and rearing temperature had no effect on lipid peroxidation of IT CONT broilers on d 28 and 42 on d 28, lipid peroxidation levels were higher for IT HA broilers from 32 wk parents and reared at AT HIGH . In contrast, on d 42, the highest lipid peroxidation level was for broilers from 65 wk parents and reared at AT HIGH (Table 3) .
Creatine Kinase Activity. Plasma creatine kinase activities were not influenced by parental age, incubation temperature, or rearing temperature on d 21 (Table 2) . On d 28, there were no differences between IT and AT treatments; however, activities were greater for 42 than 32 and 65 wk breeders. On 42 d, values were similar among breeder ages and for IT groups, whereas they were greater for AT HIGH than AT CONT broilers.
Glucose. A significant parental age × incubation temperature interaction for plasma glucose was observed on d 21 because IT HA increased glucose levels for the broilers from 42 wk parents, but not in the other groups (Table 4) . On d 28, plasma glucose was lower for AT HIGH than AT CONT broilers. On d 42, the interaction of incubation temperature with parent age and rearing temperature was significant. This was because levels for AT CONT broilers were similar regardless of parental age and incubation temperature, whereas for IT CONT , plasma glucose was higher than for AT CONT broilers from 64 wk parents, with no effect on plasma glucose levels of those from IT HA (Table 3) .
Triglycerides. On d 21, plasma triglyceride levels were lower for broilers from 65 wk than 32 and 42 wk parents ( Table 2 ). The parental age × incubation temperature interaction was significant for plasma triglycerides on d 28 because the mean was lower for IT HA broilers only from 65 wk parents (Table 4) . Although IT CONT broilers from 65 wk parents had higher plasma triglycerides than those from 32 wk parents, there was no parental age influence on IT HA broilers. There was a significant incubation temperature × rearing temperature interaction for plasma triglycerides on d 28. Although AT HIGH reduced plasma triglycerides, this effect was more prounced for IT HA than IT CONT broilers (from 178 to 107 mg/dL for IT CONT and from 183 to 64 mg/dL for IT HA , data not shown in tables). On d 42, plasma triglyceride levels were higher for AT HIGH than AT CONT broilers (Table 2) .
Uric Acid. Parental age, incubation temperature, and rearing temperature had no effect on plasma uric acid on d 21 (Table 2 ). There was, however, a significant incubation temperature × rearing temperature interaction because for IT CONT broilers, uric acid levels were higher at AT HIGH than AT CONT (4.8 vs. 3.9 mg/ dL, data not shown). On d 28, parental age had no effect on plasma uric acid of AT CONT broilers, whereas for AT HIGH , those from 32 wk parents had lower plasma levels than those from 65 wk parents (Figure 2, top  panel) . This pattern resulted in a significant parental age × rearing temperature interaction. In contrast, on d 42, plasma uric acid was higher in broilers from 32 and 42 wk parents by AT HIGH (Figure 2, middle panel) . Means in the same column within a treatment group with no common superscript differ significantly (P < 0.05). 1 n = 144 male broilers for each age (12 from each subgroup). 2 IT CONT = incubated at 37.8°C throughout; IT HA = exposed to heating at 38.5°C 6 h/d from 10 to 18 d of incubation. 3 AT CONT = ambient temperature and RH were 22 ± 1°C and 50% from 21 to 42 d; AT HIGH = ambient temperature and RH were 32 ± 1°C from 1000 to 1700 h/d and 70% from 21 to 42 d.
At 28 d, the parental age × incubation temperature interaction was also significant (Figure 2, bottom panel) because for the offspring of 65 wk parents, plasma uric acid was lower for IT HA than IT CONT broilers.
DISCUSSION
In the present study, the effect of daily high temperatures on broilers from embryos acclimated at 38.5°C from 10 to 18 d of incubation during 6 h/d was measured. It was previously reported that acclimation of embryos during incubation lowered plasma T 3 concentrations of chicks exposed to 41°C for 6 h on d 3 posthatch (Yahav et al., 2004a) . The overall lower T 3 levels in broilers previously incubated at high fluctuating temperatures (IT HA group), regardless of age or rearing temperature, again indicate a carry-over effect of prenatal temperature treatment in postnatal life. This reduction in T 3 may contribute to better thermoregulatory abilities of IT HA broilers under daily high temperatures, as demonstrated by the high ambient temperature effects on cloacal temperature as well as on BW compared with the AT CONT conditions (Yalçın et al., 2008b) . The increase in thyroid activity during the daily high temperatures was unexpected and not consistent with previous findings ; Bottom panel means in the same IT group within the same age with no common letter differ significantly (P < 0.05). n = 144 male broilers for each age (12 from each subgroup). Yahav and McMurtry, 2001) . As discussed by Yalçın et al. (2008a) , higher T 3 levels suggest that less T 3 is necessary for oxidative metabolism, which leads to less T 3 uptake by hepatic cells and thus more T 3 remaining in the plasma (Reyns et al., 2002) . Lower serum lipid peroxidation levels for broilers in AT HIGH than AT CONT environments were consistent with this conclusion. The overall picture remains a lower circulating T 3 in broilers, regardless of age, when incubation temperatures were higher-fluctuating as described, indicating a carry-over effect of prenatal temperatures during postnatal life. On d 42, under daily cyclic high temperatures, T 3 levels of IT CONT broilers from 32 and 42 wk parents were similar to AT CONT broilers, indicating that broilers were acclimated to high temperatures. Moraes et al. (2003) reported a greater decrease in plasma triglycerides in broilers from heat-acclimated embryos. Similarly, lower plasma triglycerides on d 28 were noted for IT HA than IT CONT broilers. This reduction in triglycerides may be a consequence of other mechanisms, besides changes in T 3 that may be evoked during heat acclimation, which enhance thermotolerance of broilers (Moraes et al., 2003) . Furthermore, lower plasma triglycerides in IT HA broilers from 65 wk parents may indicate a contribution of heat acclimation. Decreases in circulating blood triglycerides levels on d 28 may also be attributed to reductions in feed intake associated with high ambient temperatures because of sensitivities of triglyceride concentrations to changes in energy intake (Huff et al., 1996) . Although feed intake was not measured in the present study, the heavier BW of IT HA broilers under daily high temperatures (Yalçın et al., 2008b ) suggest a different mechanism in their relationship.
Uric acid is a major nitrogenous waste product in avian species (Harr, 2002) . Although plasma uric acid was greater on d 21 for AT HIGH than AT CONT broilers, there were no changes in plasma uric acid of IT HA broilers. This pattern suggests that already 4 h of exposure at d 21 can enchance protein catabolism, reflecting a breakdown of body protein (Artacho et al., 2007) . On the other hand, on d 42, the higher plasma glucose level in AT HIGH broilers of the IT CONT group from 65 wk parents indicates enhanced glycogenolysis-glyconeogenesis. The elevated uric acid and glucose levels (on d 28 and 42, respectively) of control incubated broilers of 65 wk parents, exposed posthatched to daily high temperatures, support the findings that broilers of older parents are more sensitive to high temperatures. This finding suggests that broilers from IT CONT and 65 wk parents did not acclimate to daily high temperatures even on d 42. Furthermore, lower uric acid levels for IT HA broilers from 65 wk parents on d 28 also suggest a carry-over effect of heat acclimation.
Increased creatine kinase activities in response to stressors may be expected (Lin et al., 2004) . We observed an increase in plasma creatine kinase on d 42 in AT HIGH broilers regardless of parental age and incubation temperature. Moreover, plasma creatine kinase Table 2 . Mean plasma lipid peroxidation, creatine kinase activity, glucose, triglycerides, and uric acid levels at 21, 28, and 42 d of age by parental age, incubation temperature, and rearing temperature Means in the same column within a treatment group with no common superscript differ significantly (P < 0.05).
1 n = 144 male broilers for each age (12 from each subgroup).
2 IT CONT = incubated at 37.8°C throughout; IT HA = exposed to heating at 38.5°C 6 h/d from 10 to 18 d of incubation.
3 AT CONT = ambient temperature and RH were 22 ± 1°C and 50% from 21 to 42 d; AT HIGH = ambient temperature and RH were 32 ± 1°C from 1000 to 1700 h/d and 70% from 21 to 42 d.
activity increased with age, being more pronounced for AT HIGH than AT CONT broilers, suggesting that postnatal high temperatures accelerate muscle damage (Sandercock et al., 2001) . Elevated plasma corticosterone levels, a recognized indicator of stress in avian species (Siegel, 1995) , were observed in AT HIGH broilers on d 21 (approached significant, P = 0.10) and 28 (P < 0.05), indicating high temperature effect. By d 42, plasma corticosterone levels in AT HIGH were at lower levels than in AT CONT , supporting the findings of Pearson and Mellor (1976) and El-Lethey et al. (2003) that initially high corticosterone concentrations decreased in goats and chickens, respectively, when animals were exposed continuously or intermittently to stressors. These results suggest broilers acclimated to high temperatures from d 28 to 42.
In conclusion, incubation under high temperature for 6 h from d 10 to 18 resulted in consistent changes in posthatch plasma T 3 and corticosterone, illustrating some physiological imprinting mechanism of prenatal heat acclimation on these hormone axes. Our results also clearly show that although broilers from control incubated eggs from 65 wk parents were more sensitive to high ambient temperatures, greater resistance Means in the same row with no common superscript differ significantly (P < 0.05). 1 n = 144 male broilers for each age (12 from each subgroup). 2 IT CONT = incubated at 37.8°C throughout; IT HA = exposed to heating at 38.5°C 6 h/d from 10 to 18 d of incubation.
*Means in the same column for control vs. high differ significantly (P < 0.05).
to daily high temperatures was achieved by heat acclimation during incubation, as reflected in changes in blood metabolites (uric acid, glucose, and triglycerides) and hormones (T 3 ). Thus, incubating eggs at IT HA improved thermotolerance of broilers to daily cyclic high ambient temperatures and the continuous effect on prenatal thyroid functioning in later life was a contributing factor in the thermal conditioning. Bottom panel means within parental ages with no common letter differ significantly (P < 0.05). n = 144 male broilers for each age (12 from each subgroup).
